The slow advance of a crack in sodo-silicate glasses was studied at nanometer scale by in-situ atomic force microscopy (AFM) in a well-controlled atmosphere (N 2 and H 2 O). An enhanced diffusion of sodium ions in the stress-gradient field at the sub-micrometric vicinity of the crack tip was revealed through several effects: growth of nodules in height images, changes in the AFM tipsample energy dissipation as detected in phase images. Ex-situ chemical micro-analyses completed the AFM measurements. The nodules patterns revealed a dewetting phenomenon evidenced by "breath figures", i.e. analog to the fogging that occurs when a vapour condenses onto a 'cold' surface [D. Beysens et al., Phys. Rev. Let. 57, 1433 (1986 ]. These experimental results were explained by a two-step process: i) a fast migration of sodium ions towards the fracture surfaces as proposed by Langford et al. [J. Mat. Res. 6, 1358 (1991 ], ii) a slow backwards diffusion of the cations as evidenced in these AFM experiments (typical time: few minutes). Measurements of the diffusion coefficient of that relaxing process were done at room temperature. Our results strengthen the theoretical concept of a near-surface structural relaxation due to the stress-gradient at the vicinity of the crack tip. Raman and SIMS studies revealed that nodules -for samples studied after exposition to common air -are preferentially covered by an organic overlayer of a carboxylate salt with a long aliphatic chain. The catalytic role of sodium ions in that chemical process is suspected. Atomic force microscopy (AFM) 2 I. INTRODUCTION The study of mechanisms of rupture in so-called brittle materials is still of great importance both for knowledge of basic mechanisms of bond(s) breaking and for practical reasons such as understanding and possibly correcting the degradation of nuclear waste containers or optical glass fibers or predicting rupture in the upper Earth's crust as well. However, and despite of recent tremendous research work, discussions about the real processes and their characteristic length scales are still intense. In order to try and clarify the debate we aim to study the sub-micrometric vicinity of the tip of a crack running in silicate glass with mobile ions (as sodium cations) and check for possible chemical mass transfer at nanometer range. Soda-lime glasses, despite of their chemical complexity, were good candidates as i) samples with a high homogeneity of composition (a mandatory condition for the double cleavage drilled compression -DCDC-samples we used) can be easily obtained and ii) such local ionic migration was already suspected in complex conditions [1] [2] . This paper is based on a study on in-situ AFM and ex-situ complementary experiments in the low crack speed regime. We evidence a slow diffusion process of sodium thanks to the observation of the growth of nodules in the vicinity of the crack tip. The source of the diffusion species are shown to be located at the nanometer vicinity of the crack surfaces. The diffusion zone is evidenced by an increased energy dissipation by AFM tip -sample interaction compared to corresponding "bulk" glass. Measurements of diffusion coefficient were done at room temperature by the study of the advance of diffusion front by AFM. The latter was visible in height images thanks to a dewetting-like process and in phase images thanks to an increased energy dissipation in the interaction between AFM tip and substrate. The process of nucleation and growth of these nodules was locally investigated and explained by a phenomenon of local condensation of an aqueous phase the viscosity of which is increased due to an ionic (Na
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The study of mechanisms of rupture in so-called brittle materials is still of great importance both for knowledge of basic mechanisms of bond(s) breaking and for practical reasons such as understanding and possibly correcting the degradation of nuclear waste containers or optical glass fibers or predicting rupture in the upper Earth's crust as well. However, and despite of recent tremendous research work, discussions about the real processes and their characteristic length scales are still intense. In order to try and clarify the debate we aim to study the sub-micrometric vicinity of the tip of a crack running in silicate glass with mobile ions (as sodium cations) and check for possible chemical mass transfer at nanometer range. Soda-lime glasses, despite of their chemical complexity, were good candidates as i) samples with a high homogeneity of composition (a mandatory condition for the double cleavage drilled compression -DCDC-samples we used) can be easily obtained and ii) such local ionic migration was already suspected in complex conditions [1] [2] . This paper is based on a study on in-situ AFM and ex-situ complementary experiments in the low crack speed regime. We evidence a slow diffusion process of sodium thanks to the observation of the growth of nodules in the vicinity of the crack tip. The source of the diffusion species are shown to be located at the nanometer vicinity of the crack surfaces. The diffusion zone is evidenced by an increased energy dissipation by AFM tip -sample interaction compared to corresponding "bulk" glass. Measurements of diffusion coefficient were done at room temperature by the study of the advance of diffusion front by AFM. The latter was visible in height images thanks to a dewetting-like process and in phase images thanks to an increased energy dissipation in the interaction between AFM tip and substrate. The process of nucleation and growth of these nodules was locally investigated and explained by a phenomenon of local condensation of an aqueous phase the viscosity of which is increased due to an ionic (Na + ) enrichment. It will be pointed out that these observations of the sodium migration in the stress gradient field were possible thanks to an adequation between characteristics times related to both diffusion process and crack propagation.
II. EXPERIMENTAL SETUP
Commercial soda-lime glasses 1 were used for this work. The composition of the glass by molar fraction (%) is as follows: SiO 2 : 70.9; Na 2 O : 13.2 ; CaO : 10; MgO : 5.4 ; Al 2 O 3 : 0.4; K 2 O : 0.1. The samples were cut from the same piece of that soda-lime silicate glass. A thermal treatment (530°C) was done before fracture experiment in order to remove residual stresses. Fracture is performed on DCDC (double cleavage drilled compression) [3] , parallepipedic (4mmx4mmx40mm) samples designed with a cylindrical hole (radius: 0.5 mm) drilled at the center of two parallel 4mmx40mm surfaces and perpendicularly to them. The hole axis defines the Z-direction. We worked with both the "genuine" surfaces (in contact with air or with tin bath during cooling of glass melt) without any further polishing or with bulk samples in which the 4×40 mm 2 surfaces were polished. In all cases the measured RMS roughness was lower than 0.25 nm for a 10×10 μm 2 scan-size. No change in the presented results was detected versus the nature of the studied surface. These fracture experiments are performed at a constant temperature of 21.0 ± 1°C in a leak-proof chamber under an atmosphere composed of pure nitrogen and water vapour (preceding by a careful out-gassing). The macroscopic relative humidity (RH) can be controlled from 5% to 75% with an accuracy of about 1%. AFM experiments were done in intermittent contact (tapping) mode. After the AFM experiments, samples were removed from the glove-box and studied by Secondary Ions Mass Spectroscopy (SIMS) analyses or Raman spectroscopy experiments.
III. RESULTS III.A. AFM experiments: evidence of a diffusion process.
It must be noted that the phenomena described below were not detectable when relative humidity rate was lower than 30%. A typical topographical (height) AFM frame in the neighborhood of the crack tip, for K I = 0.41 MPa.m 1/2 , v = 1.5 nm.s -1 and RH = 45 %, is presented in figure 1 . 
. The height signal is coded in grey levels corresponding to a vertical range of 10nm (between black and white levels).
It clearly reveals many nodules typically 200 nm in diameter for the largest (respectively 10nm for the smallest) and 20 nm in height for the highest (resp. 2 nm). It must be emphasized that, in the same conditions of humidity and mean crack speed, this phenomenon was not observed with silica samples [4] and neither with lithium alumino-silicate glasses 1 [5] .The X axis (along direction propagation of crack) can be rescaled as a time axis: With chosen values of AFM scan rates the crack speed can indeed be considered as constant during a set of AFM data. The contour delimiting the zones with or without nodules (what will be called "diffusion front") has a parabolic profile characterized by equation
where v c is the mean crack speed. This quadratic relation can be interpreted as due to a diffusion process in which the source of diffusing species is located on crack surfaces (y = 0 represents the crack lips in the 2D representation provided by AFM techniques). Classical theories of diffusion [6] predict indeed that the local concentration of the diffusion species is a function of variable u with )) .
where D eff is an effective diffusion coefficient. It must be emphasized that the shape of the parabola of delineation does change with crack speed. However the deduced values of D eff are constant, within experimental error bars, for a given humidity rate whatever the crack speed. More details will be given in [7] . Careful experiments as detailed in [7] Then the sodium content was profiled in depth by a resonant nuclear reaction method the spatial resolution of which is at least few micrometers. Typical values for diffusion coefficients were: D Na + = 10 nm 2 /s at 90°C. Gehrke's work gave [9] : D Na + = 0,29 nm 2 /s for soda-lime glass rods of similar composition corroded in distilled water at 23°C. In these studies there was no feedback on pH but its value was supposed constant. More recently leaching behaviour of sodium from small particles of soda-lime glass in acid solution was studied [10] . Two types of fine glass spheres were investigated: "small", respectively "large", ones with an averaged diameter of 50 (resp. 20) microns. The sodium diffusion coefficients at a temperature of 25°C are D Na large = 0.06 nm 2 /s and D Na small = 0.6 nm 2 /s. These values are very near of those obtained in former studies as in [9] . It must be noted too that the water content of silicate glasses has an influence on sodium diffusion coefficient. For instance, Tomozawa et al. [11] showed that, for Na 2 O-3SiO 2 glasses, with increasing water content sodium diffusion coefficient decreases initially to a minimum at 3-4wt % water and then increases. Nevertheless it should be concluded from literature that sodium diffusion inside silicate glasses with no or low content of sodium and without any applied mechanical stress is far below (around three orders of magnitude) values measured in this paper. Please note that these former studies were done by physical or chemical investigations at length scales much higher than those studied in the present paper.
AFM phase images reveal too the presence of similar diffusion front. An example of the profile of the phase signal corresponding to height signal (figure 1) along a line parallel to Y axis is shown in figure 2. As well known [12] , the phase signal in AFM tapping mode is a function of changes in the tipsample energy dissipation. In figure 2 we observe that the phase signal is lower in diffusion zone (inside the parabolic envelop line as mentioned above) than in the not-disturbed zone and corresponds, when phase angle is higher than -90°), to an increase in dissipation the physical origin of which will be explained later. Nodules are related to zones with a phase angle lower than -90°: the interaction between the AFM tip and the nodules is therefore purely attractive as due to capillary interactions. At the position of crack line: the value of the phase signal is the one expected for a cantilever "flying" over the crack filled with the standard surrounding gaseous atmosphere.
In order to get more accurate information about the origin and nature of the diffusion species we studied the growth of the nodules by AFM at higher magnification. For that purpose we used a much higher spatial resolution that allows us to work with relatively small times of acquisition (84s between two consecutive images). We observed that in a first step the nucleation of nodules of very small size occurs all over the AFM scanned surface inside the diffusion zone. Then the nodules grow in height and lateral radius before coalescing.. Two nodules (see arrows in figure 3 ) are first growing independently before coalescing to form one unique bigger nodule the height of which further increases. This behavior can be interpreted by the phenomenon of nucleation and coalescence of droplets (nodules) as in the case of the so-called "breath figures" [13, 14] . To better understand the origin of these condensation-like patterns we measured by AFM the evolution of the contact angle of nodules on the glassy surface versus time (figure 4).The contact angle is increasing from ~ zero (complete wetting) to 18 ± 3°. This study proves then that nodules grow by a process similar to that involved in breath figures when liquid droplets are condensing on a cold surface. As water plays a major role in local chemistry at crack tip that condensation phenomenon evidenced by the observation of nucleation and growth of nodules is likely due to two conjugate effects: i) a local dewetting of the native thin layer continuous water (as evidenced by variation of contact angle) and ii) a condensation from the gaseous atmosphere. This aqueous liquid phase in nodules is likely enriched with sodium ions and consequently has a higher viscosity. 
III.B. Ex-situ chemical micro-analysis: SIMS studies.
In order to get deeper insight in the chemical nature of nodules we worked as presented now. Mean crack speed was chosen low enough (0.1 nm/s) and humidity high enough (48%) in order to allow an increase of the mean size of nodules with time. These experiments were done at room temperature and in the pure (N 2 +H 2 O) atmosphere. Nodules of microscopic size laterally and in thickness were obtained. The sample was then withdrawn from the glove box, removed from the mechanical stage and stayed in standard atmosphere during a maximum of one hour before being put in high vacuum conditions. The (X,Y) surface of the sample was then studied in the vicinity of the crack tip. Firstly SIMS revealed much higher carbon content at the near-surface of nodules as compared with the surface of glass outside of diffusion zone. Then few tens of nanometers in thickness were removed by ionic sputtering in order to probe the inside of nodules. We observed then a much stronger signal of sodium at nodules in contrast to the bulk glass. On the opposite, Si signal was weaker while Ca, Mg and Al ones roughly constant within the accuracy of the experiments.
III.C. Ex-situ chemical micro-analysis: RAMAN studies. These measurements were done in standard air. The Raman spectra for both bulk glass and nodules for wave numbers between 250cm -1 and 3500cm -1 are shown in figure 5. They both reveal typical bumps related to the amorphous silicate glass as the diameter of the laser spot is larger that the typical size of nodules and bulk glass is thus slightly lightened. However narrow peaks are present on spectrum of nodules. We subtracted the signal related to the glassy part of the spectrum (as deduced from the lower graph in figure 5 ) from the raw data of nodules). The resulting spectrum is shown in figure 6 (upper curve). In this lower frequency region (σ<1400 cm -1 ) we observe a strong analogy between the measured spectrum and that of carboxylic salts, such as Nastearate [15] (or more generally a carboxylate with variable values of aliphatic length, n, in (-CH 2 -)n ) -see figure 6 lower graph. The corresponding peaks in spectrum of nodules are marked by full squares in figure 6 . As expected, bands at around 1400 cm -1 (star in figure 6 ), typical of CH 2 scissors and CH 3 asymmetrical deformations, are detected. It must be noted too that the peak at 1610cm -1 (triangle in figure 6 ) can be explained by the absorption of two equivalent C=O bonds in carboxylic salt. We also observed bands at wave numbers around 3000cm -1 (see insert figure 5 ) only present when nodules are lightened by the laser spot. [15] .
These bands are typical of aliphatic C-H stretching vibrations as in -CH 3 and -CH 2 groups [16] . Thus Raman data reveal the presence of a carboxylic salt only on nodules. From SIMS studies it can be concluded that this compound is located at the near-surface region of the nodules and not in the bulk. The remaining peaks in Raman spectrum (numbered in figure 6 ) might be related to the presence of a crystallized inorganic compound in nodules. A screening of the Raman data bases related to inorganic compounds showed us that the best similarity was obtained with the spectrum of oligoclase (sodium calcium aluminum silicate) [17] . It must be emphasized that the usual data bases are pretty poor in mineral compounds based on Na, Si elements. Presence of crystals of cristobalite, devitrite, diopside or tridymite, as usually evidenced in high temperatures experiments on crystallization of soda-lime like glasses [18] is not completely ruled out but fits are of lower quality.
IV DISCUSSION
The nucleation, growth and coalescence of nodules and the propagation of the diffusion front delimiting the zones with or without nodules were observed at nanometer scale in the vicinity of the crack tip by AFM measurements in tapping mode. Experiments were done in a carefully controlled surrounding atmosphere. Following features were observed: -These experiments revealed that the diffusion front is related to the process of nucleation of the nodules. These data can be well interpreted by a diffusion process. The source of diffusing species is locating on (in the vicinity) of crack lips (in our 2D AFM study; crack surfaces in case of Figure 6 general 3D conditions). Values of diffusion coefficient were measured at room temperature for different rates of relative humidity.
-By further chemical microanalyses we revealed that nodules are characterized by a higher concentration of sodium element than in bulk glass. We then deduced that Na ions were migrating during the diffusion process.
-The measured values of sodium diffusion coefficient in the vicinity of the crack tip are around three orders of magnitude larger than those deduced from former studies on similar bulk composition of glasses. As stress field is drastically enhanced in the vicinity of crack tip, the role of stress gradient in the origin of this enhanced diffusion process was suspected.
-AFM phase images showed that important changes in the tip-sample energy dissipation occurred. Water was proved to play an important role in that phenomenon. Complementary AFM studies revealed a nanometric process of growth and coalescence of the nodules connected to an increase of the contact angle.
-Raman study showed that an organic compound (constituted by carboxylic salt with a long aliphatic chain) is preferentially formed at the surface of nodule. As Raman studies were done in a standard atmosphere these compounds are likely synthesized or adsorbed on nodules when sample is removed from the glove-box. The presence of an inorganic crystallized compound the growth of which occurs at an undetermined step is suspected too. The presence of local variation (in the nanometer range) of concentration of sodium ions near by the crack tip is the cause of local variations of surface tension and thus can explain the appearance of local aqueous droplets as it will be shown now. We indeed proved that the advance of diffusion front was related to a local and slight increase of wetting angle. On the opposite, far away from the crack tip, we did not observe any variation of the roughness of the glass surface: it is covered by a continuous thin layer of adsorbed water (the wetting angle, θ, is equal to zero) the thickness of which is in the nanometer range: from 0.5nm to 1.5nm depending on humidity rate [19] [20] . As it is well known the wetting angle is related to interfacial tensions by the YoungLaplace equation cos θ = ( γ SG -γ SL ) / γ GL , where γ XY is the interfacial tension between phases X and Y. Subscript L is for liquid, G for gas and S for solid phase. At first it should be mentioned that because of the exchange in sodium and hydronium ions between bulk glass and water overlayer the concentration of H 3 O + in the liquid phase decreases and then the solution becomes more basic. It is directly connected to the fact that sodium-containing glasses are regarded to be more basic than pure silica glasses [21] . It has been known for a long time that interfacial tension between liquid water and air, γ GL , depends on the nature of the inorganic aqueous salt solution: γ GL increases when the pH of the liquid medium increases [22] . More recently molecular dynamics (MD) calculation [23] showed with more details that alkali cations are repelled from the liquid/gas interface in case of basic pH and, consequently, cause an increase of interfacial tension, γ GL . As a consequence the concentration in alkali cations near the solid/liquid interface should likely increase or remain constant. Thus γ SL should remain constant or slightly decrease. Experiments [24] and MD calculations [25] showed that there is small predominance of sodium ions at the interface of Na 2 O-3SiO 2 glass and air, causing a little increase or no change in interface tension, γ SG . Thus from the Young-Laplace equation it can be predicted that the contact angle should increase at the places where chemical heterogeneities (higher concentration of sodium cations) are present. The stability of the continuous wetting film as observed far away from the diffusion zone is due to long-range van der Waals repulsive force [21] can be modified by external disturbances as the incoming of sodium cations causing local hydrophobic spots acting as nucleation centers for dewetting. As already shown [26] that circular droplets pattern -especially in the case of the thinnest (aqueous) film -may develop by nucleation on more hydrophobic centers, ripen and merge. The nodule pattern is thus predicted to propagate with the diffusion front of sodium ions as it is observed in our experiments.
Diffusion process is very clearly revealed too by phase images in AFM intermittent-contact mode. In figure 2 we observed that the phase signal is lower in diffusion zone (inside the parabolic envelop line as mentioned above) than in the not-disturbed zone It was shown [12] that if the amplitude of the cantilever is held constant, the sine of the phase angle, φ, of the driven vibration is then related to changes in the tip-sample energy dissipation (the origin of phase is chosen to be equal to -90° at resonance when the cantilever is far away from the sample). Calculation of dissipated energy are under progress [27] and will not detailed in this paper. We observe that φ is higher than (-90°) almost everywhere on substrate (except on nodules). The AFM is thus working in intermittent contact mode (i.e. the AFM tip undergoes repulsive forces during its vibrating movement at least partially) and a decrease in φ corresponds to an increase of dissipated energy during the tipsample interaction. On the opposite, the nodules are imaged in a non-contact mode (as φ <-90°) meaning that the interaction force is attractive all along the movement of the AFM tip as in the case of pure capillary forces. As mentioned in [28, 29] the principal source of energy dissipation during the tip-sample interaction is mainly the adhesion energy hysteresis. The adhesion forces can be in the present experiments from two different origin [30] : capillary forces and acid/basic interactions [21] . In the first case the energy dissipation is related to the formation and rupture of a capillary neck between the tip and sample [31] . It is known that the capillary force is proportional to the liquid-vapor interfacial energy, γ GL [32] . As earlier mentioned, γ GL is expected to increase due to an enrichment of the liquid-like phase in cations, we can thus easily explain the decrease in phase angle when the AFM tip is in intermittent contact in diffusion zone. On the other hand, the higher acid/basic interactions due to the already mentioned difference in acid-basic properties of both the silica AFM tip and sodium enriched zone on the substrate near the crack tip may also contribute to an increase of the dissipation in the diffusion zone. As mentioned by Fowkes et al. [21] , work of adhesion between two silicate glasses (AFM tip and sample) is equal to the sum of two contributions: a van der Waals contribution and an acid-base contribution related to the ability to hydrogen-bonding. That last one is very likely increased due to more acid character of silica surface (AFM tip) and the more basic surface in Na-enriched glassy region. Because of the AFM regime of non-contact over the nodules it can be concluded too that nodules are covered by a thicker or/and more viscous liquid-like film than over the rest of diffusion zone. These comments reinforced our experimental observation of an enhanced migration of sodium ions in the vicinity of crack tip. The high value of D eff we measured is compatible with the idea of a local enrichment of glassy material in sodium around the crack tip. Indeed a study by Gehrke et al. [9] revealed the influence of the composition of silicate glass with sodium content on the effective diffusion coefficient of sodium. Soda-lime like (17 mol% in Na 2 O) and binary glasses (Na 2 O and SiO 2 ) with values of sodium content (12 mol% in Na 2 O) near that of the glass studied in the present paper were characterized by D eff ± 0.3 nm 2 /s. However it was revealed an important increase of D eff with sodium content for instance glasses made from 36% Na 2 O and 64% SiO 2 are characterized by D eff = 1.3 10 3 nm 2 /s. That value is of the same order of magnitude as the one deduced from our experiments (D eff = 1 to 18 x 10 3 nm 2 /s for RH between 45% and 58%). The measured value of D eff by our local AFM measurements is thus fully compatible with the hypothesis of a zone, located in the surroundings of the crack tip, made of a silicate glass with an enhanced concentration of sodium.
Two plausible scenarios for the migration path may be regarded. The first one corresponds to a surface migration of the diffusing species from the crack surfaces or from medium between them). The second scenario is related to a migration through the volume of material from crack surfaces to the outside of material: in this case transition between plane strain and plane stress regions makes the observation of that phenomenon possible in these AFM experiments. The first scenario is very unlikely. It must be noted indeed that for usual values of relative humidity in our experiments (RH~45%) the glass surfaces are covered by an aqueous film the equilibrium thickness of which is in the range of few tenths of nanometers, depending on the electrolyte concentration in the water film [19, 20] . Thus it could be possible that the migration of alkali species occurs in an aqueous liquid phase. In these conditions mobility of sodium cations in a bulk aqueous liquid phase is well known : b Na = 3.2 10 11 mN -1 /s [33] . Thanks to Stokes-Einstein relation we can calculate at 25°C the diffusion coefficient of Na + ions in water, D Na water = b Na .k B. T = 1.33 10 9 nm 2 /s, six orders of magnitude higher than the value we measured. As a consequence the interpretation of our experiments by a surface migration of sodium in the surface aqueous film can be very likely ruled out. On the opposite, we note that the typical value of D eff we measured by our AFM experiments is very near from those obtained in case of diffusion of sodium through a bulk glass with an enriched content in sodium. We thus think that the migration of alkali ions we evidenced around the crack tip occurs through the bulk structure of glass. This effect is likely detected on the free surface of our sample -via a dewetting process-through the transition between plane strain conditions in the bulk to plane stress ones on the investigated surface.
As the observed enhanced migration is localized in the vicinity of the propagating crack the enhanced value of stress around the crack tip is of major importance for the diffusion process. It is indeed known that mechanical stress has a great influence on diffusion processes. McAfee [34] studied the effect of stress upon the diffusion constant of gases (He, H 2 and other gases) in a borosilicate glass at room temperature. It was shown that an enhanced diffusion of helium (and hydrogen but with lower magnitude) is obtained in glass under high tensile stresses. The diffusion of water in silica glass was studied as a function of applied uniaxial stress [21, 35, 36] : the diffusion coefficient increases when a tensile stress is applied in the case of temperature lower than 250°C. As ionic volume for Na + is ranged between those of H + and H 3 O + ions the occurrence of a similar diffusion process for Na + ions in a soda-lime like glass can be predicted. A migration of sodium ions in the applied stress gradient was indeed deduced from electrical measurements [37] on bent soda-lime silicate glass plates studied at temperatures between 75°C and 120°C. More recently, Na peak emissions were detected [38] in vacuum by quadrupole mass spectrometry and surface ionization techniques when soda lime and sodium trisilicate glasses were dynamically fractured. These experiments revealed a fast diffusion (typical time in the range of milliseconds) of Na + when sodo-silicate glasses were fractured under high stress gradient in vacuum. These observations are coherent with theoretical results from thermodynamics applied to chemo-elastic solid [39, 40] which allows the calculation of the diffusion coefficient versus the applied stress gradient. The sodium ions are thus predicted to concentrate in the region of maximum tensile stress, i.e. in the nanometer surroundings ahead of the crack tip. As the main contribution to value of stress is mostly due to the r 1/2 factor ( r is the distance from crack tip to the relevant point) the stress gradient should have values of same order of magnitude in both regimes of slow and fast fracture. Therefore a fast migration of alkali ions from compressive zone to tensile one (at crack lips and near crack tip) should likely occur in our AFM experiments. Thus that fast migration likely causes the presence of a reservoir of sodium ions in the nanometric vicinity of the crack lips which relaxes -in a second step-in a diffusion process with much higher time constants (few minutes) as evidenced in the AFM experiments detailed in this paper.
The observation of an increasing diffusion coefficient with humidity reinforced the conclusions of Agarwal et al. [41] of a faster relaxation in the presence of water vapour. It is also compatible with recent observations of Tian et al. [42] on silica glass. These authors showed indeed that the uptake of water in the structure of the studied silica glass causes a structural relaxation occurring in the near-surface region leading to an initial rapid decrease in the sodium diffusivity followed by a slow increase with the water content. Our results strengthen the theoretical concept of a near-surface structural relaxation [43] . We believe that the stress-gradient present at the vicinity of the crack tip is of major importance to enable the glass network to undergo a structural relaxation causing long-range structural changes, leading to modifications of bonding angles and distances and consequently enhancing mobility of alkali cations. These structural changes may cause a relaxation of stresses at crack tip probably coupled to compressive stress due to replacements of Na + by H 3 O + ions [44] leading to the existence of the fatigue threshold.
Raman spectroscopy and SIMS studies revealed that nodules -for samples studied after exposition to common air -are preferentially covered by an organic overlayer of a carboxylate salt with a long aliphatic chain. The presence of a crystallized inorganic compound inside the nodules was evidenced too. The presence of the organic overlayer could result from the preferential adsorption of volatile organic compounds present in the standard air atmosphere on the nodules the higher content in sodium ions could play the role of nucleation center. Another explanation could come from a local conversion of carbon dioxide, present in the surrounding standard atmosphere 1 , to methane or to a longer aliphatic chain : It was indeed shown [45] by using mass spectroscopy that the CO 2 peak disappeared during fracture of a soda-lime and boro-silicate glasses while CH4 peak increased. Reaction CO 2 + H 2 2H 2 O + CH 4 was proposed. We thus suspect that the sodium present in nodules could have a catalytic role in that chemical process. Such a behavior could provide a hypothetic complementary explanation to fatigue limit in glasses: thanks to this chemical reaction a chemical compound with an hydrophobic part could be deposit on the fracture surface of sample. Water molecules might thus not reach the bulk glass and consequently the stress corrosion process at the crack tip might be stopped. In order to check that hypothesis further experiments are needed. The experimental evidence of crystallized mineral compounds in nodules by Raman spectroscopy could provide an alternative explanation to surface crystallization of oxide glasses [18] or observation of nm-scale structures on air-exposed fractured surfaces of soda-lime silica [46] . V. CONCLUSION AFM experiments were done in a gaseous atmosphere composed of a mixture of pure nitrogen/water gases with soda lime silicate glasses. An enhanced diffusion of sodium ions in the stress-gradient field at the sub-micrometric vicinity of the crack tip was evidenced for relative humidity rate higher than 30%. The study of height and phase images (in AFM tapping mode) clearly evidenced a slow diffusion process thanks to the observation of the growth of nodules in the vicinity of the crack tip and/or variation in phase signal. The source of the diffusion species was shown to be located at the nanometer vicinity of the crack surfaces. That phenomenon related to sodium and hydronium interdiffusion process was detected by AFM through the observation of several effects: a dewetting-like phenomenon evidenced by "breath figures"-like patterns, changes in the tip-sample energy dissipation as observed in phase imaging mode and growth of nodules in height images for lower crack speeds. Ex-situ experiments confirm that sodium ions are the diffusing species. These experimental results have been explained by a two-step process: i) a fast migration of sodium ions towards the fracture surfaces as proposed by Langford et al. [38] (typical time for a dynamic fracture in vacuum: few tens of milliseconds), ii) a slow backwards diffusion of the cations as evidenced in these AFM experiments (typical time: few minutes). Diffusion coefficients of that relaxing process have been measured at room temperature for different relative humidity rate. The corresponding values were found to be much higher than those reported in literature with glasses of the same composition in similar conditions but were found to be compatible with those obtained for silicate glasses with a higher sodium content. Raman spectroscopy and SIMS studies revealed that nodules -for samples studied after exposition to common air -are preferentially covered by an organic overlayer of a carboxylate salt with a long aliphatic chain. Such a result could provide an hypothetic explanation to fatigue limit in glasses as this aliphatic chain is hydrophobic and could contribute stopping the stress corrosion process at the crack tip. Furthermore these studies reveal that surface crystallization of oxide glasses [18] or observation of nm-scale structures on air-exposed fractured surfaces of soda-lime silica [46] stems very likely from the ionic migration due to residual stress gradient and the related process of interdiffusion with H + /H 3 O + ions. Our results strengthen the theoretical concept of a near-surface structural relaxation [43] . We believe that the stress-gradient present at the vicinity of the crack tip is of major importance to enable the glass network to undergo a structural relaxation causing long-range structural changes, leading to modifications of bonding angles and distances and consequently enhancing mobility of alkali cations. Such sodium migration likely causes a relaxation of stresses in the vicinity of crack tip and a decrease of the local value of K I factor: this effect could explain, at least partially, the presence of the fatigue limit. However much more work is needed in order to better understand the role of the chemical composition of glasses and their physical structure on these stress gradient enhanced migration of alkali cations. Another important point would be to better understand the role of that sodium migration towards fracture surface on local chemical and physical properties as wetting, chemical reaction in the vicinity of the crack tip with standard air.
